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Abstract. Dust is a key component of galaxies, but its properties during the earliest eras of
structure formation remain elusive. Here we present a simple semi-analytic model of the dust
distribution in galaxies at z 2 5. We calibrate the free parameters of this model to estimates
of the UV attenuation (using the IRX-f relation between infrared emission and the UV
spectral slope) and to ALMA measurements of dust emission. We find that the observed
dust emission requires that most of the dust expected in these galaxies is retained (assuming
a similar yield to lower-redshift sources), but if the dust is spherically distributed, the modest
attenuation requires that it be significantly more extended than the stars. Interestingly, the
retention fraction is larger for less massive galaxies in our model. However, the required
radius is a significant fraction of the host’s virial radius and is larger than the estimated
extent of dust emission from stacked high-z galaxies. These can be reconciled if the dust is
distributed anisotropically, with typical covering fractions of ~ 0.2 — 0.7 in bright galaxies
and < 0.1 in fainter ones.
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1 Introduction

Dust is crucial for understanding galaxy evolution on a variety of levels. Not only is it a key
component in chemical evolution, but it also absorbs a substantial fraction of UV starlight
and re-emits it in the infrared. However, its role in galaxies during the Cosmic Dawn is
mostly unknown, as only recently have the tools emerged to measure its properties.

JWST has, of course, made crucial contributions by pushing the observational frontier
to higher redshifts and fainter sources (e.g., [1-7]). Interestingly, these studies have found an
excess of UV-luminous galaxy candidates at z ~ 10 compared to HST-calibrated models [8—
10]. The most popular explanation is burstiness in the star formation histories [8]. However,
dust may play a further role in this phenomenon [10, 11] if the highest-redshift sources are
mostly dust-free. [9] also argued that the burst solution also depends on dust: more efficient
dust production is needed to match the JWST-observed UV colours while maintaining a



star formation efficiency that fits the observed luminosity function. Others have noted that
the dust may have a complex morphological relation to the star-forming regions [11, 12]. A
thorough study of high-redshift dust properties is called for to answer these questions.

Beyond the luminosity function, an understanding of dust is also crucial to interpreting
galaxy properties during the Cosmic Dawn. Dust grains attenuate starlight, especially in the
UV [13-15]. Therefore, it is critical for measuring the intrinsic SFR as well as other properties
of the stellar population. However, most high-z galaxies are only identified photometrically,
and SED modelling is required to estimate the effects of dust. A common simple method is
to use the UV spectral slope 8 as a proxy for the dust distribution, which appears to be a
good assumption for lower-redshift galaxies, although the details may evolve with redshift
[16-22]. The fundamental motivation behind these empirical relations is that more dust (and
hence a larger infrared luminosity) will redden the galaxy more (making the spectral slope
flatter).

The advent of ALMA has allowed new studies directly targeting dust emission in the
far-infrared from high-z galaxies [12, 21, 23-29]. In particular, large surveys like ALPINE
[30, 31], CRISTAL [32], SERENADE [33], and REBELS [34] have begun to place statistical
constraints on the dust content of early galaxies. With the shared objective of studying dust
and other ISM properties in high-z galaxies, these surveys scan one or both of the brightest
fine structure lines ([O III] at 88 pum and [C 11] at 158 pm) from UV or spectroscopically
selected samples, which also allows a measurement of the nearby dust continuum. These sur-
veys cover a broad range of redshifts (ALPINE and CRISTAL at 4.4 < z < 5.9, SERENADE
at z ~ 6, and REBELS at z ~ 7).

However, constructing a first-principles model of dust is a difficult task. It requires
a prescription for dust formation in supernova ejecta [35, 36], AGB star winds [37], ISM
grain growth [25, 38|, and other processes. The dust must then be distributed through
the interstellar and circumgalactic media through winds and turbulent transport, leaving a
complex geometrical distribution [39]. It then attenuates starlight in a manner that depends
on the composition and size distribution of the dust grains [13, 40]. Recent work has brought
a variety of methods to bear on this problem. Numerical simulations [41-44] can track the
evolution of dust content in detail but are still dependent on assumptions about feedback
and dust creation and destruction. Analytic models offer more flexibility but are limited
in the number of physical mechanisms they can include [45-47]. Many of these models
use parameterized semi-analytic approaches to account for these challenges [24-26, 29, 48].
Other models focus on studying the chemical composition of dust either through parametric
approaches [49, 50] or in a cosmological context [51-53].

In this paper, we use the new JWST and ALMA observations to understand dust
through a simplified model of galaxy formation. We use the “minimalist” model of high-z
galaxy evolution from [54] as our baseline and incorporate a new treatment of dust production
and morphology. Although simple, this model reproduces properties of the galaxy population
at z < 10 well and is qualitatively similar to several other semi-analytic models [55-57]. We
then use both UV and far-IR measurements to constrain the properties of the model.

The paper is organized as follows. In section 2, we introduce our galaxy formation and
dust models, building on [54]; in section 3, we compare to UV dust measurements; in section
4, we appeal to the ALMA far-IR flux observation to further constrain the model; in section
5, we explore the implications of our model; and in section 6 we conclude.

The numerical calculations in this work assume a flat ACDM cosmology with €2, =
0.3111, Q25 = 0.6889, ), = 0.0489, h = 0.6766, consistent with recent results of [58]. The



magnitudes in this paper are expressed in the AB system [59].

2 Dust in High-redshift Galaxies

This section introduces our dust prescription, which extends the star formation model of
[54]. Since our objective is to constrain the dust mass and radius using multi-band observa-
tions, we extend their minimalist approach to include both dust evolution and its observable
consequences. Rather than attempt to model dust from first principles, we will introduce
scaling parameters for the dust mass and radius, to be calibrated by observations in later
sections. The resultant model depends on the host dark matter halo mass My ), and redshift
z of a galaxy, generating its (1) dust mass, (2) dust radius, (3) UV attenuation, and (4) dust
temperature and far-IR continuum emission flux.

2.1 The Minimalist Galaxy Formation Model

Here, we introduce our basis model: a minimalist semi-analytic star formation model by [54].
Calibrated to the HST-observed UVLF, this model predicts various properties of a galaxy
by balancing its star formation and feedback, while assuming galaxies grow through matter
accretion onto their host halos. The model parameters are rigorously fit to the pre-JWST
UVLF measurements in z = 6 —9 through a Markov Chain Monte Carlo (MCMC) procedure
by [60]. However, we must be cautious applying them to earlier eras.

The model of [54] uses a simple approximation to dark matter halo growth. We first
define the halo mass function, by assuming that the comoving number density n;, of halos in
the infinitesimal mass range (M, M + dM) at a given redshift z is

p dln(1l/o)
M, z) = —_— 2.1
where p is the comoving matter density of halos, ¢ is the RMS fluctuation of the linear
density field smoothed on a scale M, and f(o) is o-weighted distribution of random-walk
barrier-crossings for N-body simulations. Here, we take the f(o) parametrization from [61]’s

SCORCH hydrodynamical high-z simulation results, where

f(0) =0.15 [1 + (2;'54)_1'36} el 14/7%, (2.2)

To find the desired halo accretion rate, we then apply a method analogous to abundance
matching [62], where we deduce the halo mass accretion rate by assuming that halos evolve
at constant number density across redshifts. That is, we assume that the masses (Mj, My)
at (21, 22) are related via

/OO dM ny(M|z) = /OO dM ny (M |z2). (2.3)
M, Mo

We obtain the accretion rate Mj, by numerically evaluating the time derivative of My, in
equation 2.3 under the limit z; — zo. We assume that the baryonic accretion rate, which is
the source of star and dust formation, is simply proportional to the total accretion rate in most
halos, except at high masses. In this picture, halos mostly grow through smooth accretion, as
found by [63] in numerical simulations, rather than mergers. The resulting growth histories



are reasonably consistent with simulations [64], and the model is qualitatively similar to
several others in the literature [55-57].

Both hydrodynamical simulation [65—67] and empirically-motivated models [68, 69] have
shown that baryonic accretion onto the central objects in high-mass halos is suppressed by
their virial shocks, so we apply a shock suppression factor fg, to the baryonic accretion rate
given by the fit of [67]. Thus the total accretion rate is fo, My = fon (/) M.

In the minimalist model, we assume the baryonic accretion rate is in equilibrium with
star formation and feedback, such that [70]

M, = M, + M, (2.4)

where M, is the total star formation rate, and M, is the rate of baryonic expulsion due to
feedback. As this feedback is generated by the stars, we assume that M, = nM,, where
the mass-loading parameter n determines the strength of such feedback and is in general a
function of halo mass and redshift. We also define the instantaneous star formation efficiency
as the fraction of the accreted baryons that turn into stars, such that f, = M, / M,. Addi-
tionally, we impose an upper limit of star formation efficiency denoted fi max to maintain
the continuity of the resultant function. Our finalized star formation efficiency prescription
therefore becomes
f sh

 fihax + (M, )

We now require a prescription for the feedback parameter 7. Our parameterization is
based on two limiting scenarios. In the first, we assume that all of the kinetic energy from
supernovae is available to drive the outflow. Therefore, we balance the supernova energy
with the binding energy of the accreting gas [71, 72],

fx (2.5)

1 . 2

5 Muwvese M, €wsN, (2.6)
where veg. is the halo’s escape velocity and wgn ~ 1049erg/ Mg is the fiducial supernova
kinetic energy per unit mass of star formation, where the value here is typical of a Salpeter
IMF. We leave the precise value free and fit it to galaxy measurements below as part of our
overall normalization constant. This method assumes that the gas always receives a fixed
portion of supernova blast energy. Alternatively, if most of the energy is lost to radiative
cooling, we could obtain a similar relation by balancing the momentum of the supernova
ejecta with the escape velocity [73, 74]. In both cases, the feedback parameter can be fit by

the general form
1090\ (9 \7
M =A 2.
) =4 () () 2.7)

where ¢ and o are the power law indices and A is the normalization factor. Here, we take
A =2.64, £ = 0.66, and o = 0.05 from [60]’'s MCMC fits. We remind the readers that these
values are obtained by fitting to the pre-JWST z =6 — 9 UVLFs.

To compare with existing observations, we convert the computed star formation rate of
a galaxy to the corresponding UV luminosity it generates. Throughout this paper, we adopt
the SFR-Lyy conversion from [75], which can be written

M, = Kyv x Lyv, (2.8)



Symbol Definition Equation
fur Mass scaling parameter 2.9
fr Radius scaling parameter 2.13
fa Optical depth scaling parameter 3.5
pese Galaxy-averaged escape probability for UV photons 2.14
P Escape probability of the Homogenous mixture geometry 2.16
P35 Escape probability of the shell geometry 2.18

ool Escape probability of the partially covered shell geometry 2.19

Table 1. Summary of scaling parameters used in this paper. The last column provides the equations
in which these parameters are defined.

where the proportionality constant is Kyy = 1.15 x 107?8Mayr—!/(ergs 'Hz~!) and Lyy is
the continuum UV luminosity measured at 1500 A. This conversion assumes a Salpeter IMF
from 0.1 to 100 Mg, and an extended period of continuous star formation for = 300 Myr.
We have defined the star formation efficiency as an instantaneous value, but it will be
useful to have the overall (time-averaged) value for a galaxy. We define fe =M, /My, where
My = (/) My, [54] showed that fi(Myato, 2) & fi(Mhalo, 2)/(1 + €), which we use as an
estimate here; the slight error can be absorbed into our scaling constants. In the following
subsections, we detail our dust model implementation based on [54]’s model. For clarity, we
summarize our model’s parameters in Table 1 before introducing our implementation.

2.2 Dust Production in High-Redshift Galaxies

We next assume that the total dust mass is proportional to the total stellar mass with a
yield yq4, such that the total dust mass is ysM,. We will use a fiducial y; = 0.01 value
comparable to a typical disk galaxy from low redshifts. This choice of y4 is in agreement
with other modelling studies such as the semi-analytic model of [26] (who found (y4) ~ 0.017
using our notation), and the chemical evolution model of [76, 77]. Similar values (0.007 and
0.003; calculated from product yqv from their paper) were also adopted by [25] in their dust
model, ultimately motivated by the model of [78, 79] and also consistent with single SN
observations in the local universe [80, 81]. Furthermore, the observational studies of [82-84]
found a similar dust yield range of ~ 0.001 —0.01. However, this y4 parameter is uncertain at
high redshifts, because the dust production mechanisms may differ, or a portion of the dust
can be ejected by feedback [11] or destroyed by supernova shock waves [85]. We therefore
define a scaling parameter fj; via

Maust = far % (0.01M). (2.9)

We naively expect fis < 1, because dust formation may be less efficient at early times and
because dust may be ejected or destroyed. For example, the disk models of [86] found that
only ~ 0.1 of the total baryonic mass associated with a halo was retained in the galaxy’s
interstellar medium, with most of the remainder ejected. We absorb those uncertainties (as
well as any in the actual value of y4 for these galaxies) into the mass scaling parameter f,
which we will fix by comparison to observations in later sections.

We note that we do not explicitly consider the effect of asymptotic giant branch (AGB)
stars’ dust production throughout this paper. Though AGB stars are the main sources of
dust in local systems [87] such as the Milky Way, [38] found that they are a less dominant
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Figure 1. Expected dust masses as a function of SFR and M, at z = 7 (bottom and top axes; these
are monotonically related in our model). The dotted curves show the dust mass assuming fy; = 1,
while the solid curves are the calibrated dust masses with fj; formulated in section 4.2. The dash-
dotted curve shows [25]’s dust masses at z = 7.

factor compared to grain growth and SNe beyond z ~ 6. Their cumulative effects could,
however, also be absorbed into f;.

The dotted curves in Figure 1 show the resulting dust masses, assuming fyr = 1. We
show them as a function of each galaxy’s SFR, because observations are often presented that
way. In our minimalist model, the SFR is a monotonic function of halo (and stellar) mass,
so we provide the translation along the top axis. The solid curves preview the results of our
model calibration to UV and IR observations — we will find that fj; may be a strong function
of halo mass. The overall efficiency of dust formation is thus ~ 0.01fy/ fy, which for halos in
the mass range 108-10'2 M, is typically ~ 3 x 1074 f3;. The expected dust mass is smaller
in smaller halos, because their star formation efficiencies are small.

Before developing our model further, we briefly compare our predicted dust masses
with [25], who also use a semi-analytic dust treatment, albeit with more details in modelling
specific dust evolution processes, such as dust grain growth, destruction, and astration. Their
model uses a dark matter halo merger tree and traces the gas content associated with such
halos to deduce the dust mass. In Figure 1, we compare our work’s fiducial dust mass (with
fum = 1; dotted curves) to [25]’s results presented in their equation (11) using our model
derived M, (shown in the top axis on the left panel). (In this comparison, we have converted
the UV emissivity per unit star formation assumed by [25] to our value.) Our “initial” dust
masses (with fy; = 1) are typically a few times larger than their reported masses. However,
the expected trends with halo mass are quite comparable. We do note that this discrepancy
also increases with redshift: at z ~ 10, [25]’s model has dust masses more than an order of
magnitude smaller than ours (if fay = 1). We return to this comparison in more detail in
section 5.1.



2.3 Dust Absorption

We next use simple models (similar to [46, 47]) to connect to observations through two
observables: the absorption of UV photons and emission in the IR continuum.
In the UV, the wavelength-dependent optical depth along a line of sight is

Rdust
' :/ PdustkuvAr, (2.10)
0

where Rgust is the dust radius, pqust is the dust density, and kyv is the UV dust opacity.
The opacity depends on the choice of dust extinction law. As we focus on the rest-UV
regime, we adopt a simplified power law approach from [88], with

by Tk
KUV = K — , 2.11
ov = oo (1057 1)
where 7, = —1 is the fiducial power law adopted in their work and x1909 = 10° cm? g~! ~

20 pc? Mg)l is the dust opacity evaluated at 1000 A. This prescription is consistent with the
more sophisticated SMC dust extinction law presented by [14], which is a carbonaceous-
silicate grain model (and which appears to match high-z galaxies reasonably well given its
steeper slope in the near-UV; [89]). We note that the simple power law estimate is reasonable
for the UV continuum at 1500-1600 A, but a more sophisticated dust extinction law may be
warranted to consider the effects of specific atomic and molecular absorption lines (e.g. the
2175 A “bump”), as described in detail by [40]. To test the effect of particular extinction laws
on our model, we have estimated the dust optical depth (equation 2.10) with both [13] and
[14)’s results. We found that our model is not sensitive to the choice of extinction laws, thus
motivating the choice of a simple power law.

Because the integral in equation (2.10) extends over the entirety of the dust distribution,
we need to model the dust’s radial extent. We assume that the dust radius is proportional
to the scale radius of a disk galaxy embedded in a dark matter halo. At high redshifts, the
halo virial radius is by [90]

Mo \2 7 10
~ 1. — ) kpe. 2.12
Bhalo ~ 1.5 <108M® 112) ¢ (212)

Assuming the gas in a galaxy is rotationally supported, the galaxy scale radius is convention-
ally written as Rga = (A/ V/2) Ryalo, where ) is the spin parameter. We take A = 0.028 as a
fiducial value for a typical disk galaxy [91]. While this scale provides a reasonable estimate
for the gas and stellar distributions, recent observational studies found that dust may be
more extended than the UV-emitting star-forming regions [92]. We therefore insert a radius

scaling parameter fr
A
Rdust = fRERhalm (213)
which we will later calibrate to observations.

To evaluate equation (2.10), we also need to determine the radial dust distribution,
which is unconstrained. We will consider three simple morphologies below. But we note
that, even after that distribution is specified, the optical depth for each star’s light will vary
depending on its location within the galaxy. We are ultimately interested in the dust’s effects



averaged over all lines of sight. Therefore, we describe this via the galaxy-averaged escape
probability of UV photons P,
Lobs = P Lint, (2.14)

where Liy is the intrinsic luminosity produced by the stars and Lgs is the apparent lumi-
nosity after dust processing for a distant observer.

2.3.1 Homogeneous Mixture

We first consider a homogeneous, spherical mixture of stars and dust. This morphology
corresponds to the scenario where dust is retained within the galaxy and uniformly mixed.
In this case, equation (2.10) becomes

Trmix = %RUV' (2.15)
dust
Note that Tmix < far/ f]% ; if only the absorption is measured, the degeneracy between the dust
mass and spatial distribution cannot be broken. We will fix this combination of parameters
by comparison to UV observations in section 3. We can then use additional observations —
dust emission in the IR — to constrain the individual parameters in section 4.2.
For a homogenous mixture, [93] gives the escape probability of a UV photon as a function

of optical depth as
3 1 1 1
esc — 1— — i —27 . 2.16
mix(T) = o [ 272 " <r " 272> ‘ } (210

2.3.2 Spherical Shell

Next, we consider a spherical shell surrounding the galaxy. This may occur if feedback has
ejected the dust to moderate distances from the galaxy (and the dust survives to these larger
radii). In that case, equation (2.10) becomes

Mdust

~— 5o Kuv
2
471—Rdust

Tshell = (2.17)

Note that this is three times less than Tk, as dust is farther from the stars (and hence
more spread out) than in the mixture geometry. Note that we have the same Tgpen ¢ far/ fIQ%
relation. However, in this case, we have

shen (7) =€ 7. (2.18)

Although the characteristic optical depth is smaller than the homogeneous case, the average
escape probability of a shell decreases much more rapidly with optical depth, because the
stars are all buried within the shell.

2.3.3 Partially Covered Shell

The shell model is motivated by galactic feedback ejecting dust from the central regions, but
in reality, that process is highly anisotropic. We therefore next generalize the shell model to
one with “holes” where UV photons can escape without any absorption. We define f.q as the
fraction of the galaxy’s UV luminosity subject to dust absorption. (In a simple model, this
would correspond to the fraction of lines of sight that intersect the dust, but because the stars
may also be inhomogeneously distributed we leave the definition more open-ended.) This may



happen if feedback is particularly strong in some directions and ejects the dust entirely out
of the galaxy’s host dark matter halo (or simply destroys it). The escape probability for UV
photons in this geometry is then

Biol = (1 = feov) + feov[Pafien (Tshen)], (2.19)

where Tgop1 is defined as in equation (2.17).
Note that this geometry has an additional free parameter f.,, and will therefore require
additional assumptions when we return to it in section 4.3.

2.4 Dust Emission

Next, we estimate the IR emission from heated dust in order to compare it with ALMA
observations. We will compare the observed continuum fluxes around a specific wavelength
(near the [C 11] emission line at 158 pm, as that is a common window for observations). The
total emission depends on the dust mass and temperature. We adopt an analytic temperature
estimate from [47], which assumes that the dust is in radiative equilibrium with the absorbed
starlight and CMB heating. Then

1/(Br+4)
) , (2.20)

Labs Brmtd
Taust = | 77— +Tear
e CKIR,0Mdust CMB

where the infrared absorption coefficient is given by a power law in frequency, kiss =
/{IR70(U/U0)’BIR with kiro = 16 cm? g1, vy = ¢/100 pm is the normalization frequency,
and Sir = 1.6 as the IR spectral slope. Both these fiducial values are taken from [94]’s
Table 1 and are appropriate for the Milky Way. Also, Tcyp is the CMB temperature at a

given z. The constant C' is

{kPmt4
¢= WC(&R + (PR +4), (2.21)

where kp is the Boltzmann constant, ¢ is the speed of light, h is Planck’s constant,  is the
Riemann zeta function and I' is the gamma function. The total absorbed UV stellar emission
L3P is computed by integrating the absorbed UV luminosity across all frequencies, so

abs 1 — P*¢(r
L2bs = / LobSPeSC(T/(\)A)d)\, (2.22)

where 7y is the wavelength-dependent optical depth. We normalize 7, with the effective
optical depth at 1600 A (which is uncertain until we fix the scaling parameters) and assume
that 7, o< A~! at other UV wavelengths, as approximated by the [88] extinction law. To
compute this integral, we integrate from the Lyman break wavelength 912 A to 4000 A to
cover the total energy released in the UV regime, which dominates energetically, though we
find that the result is not sensitive to any choice for the upper limit beyond 2800 A. We
note that equation (2.20) includes heating from the CMB. Sometimes this effect is ignored
in estimates taken from observations; in that case, one can take the limit Toyg = 0 K in
equation (2.20).

This method assumes that the dust is at a single temperature, so that the absorbed
starlight is distributed evenly across the dust grains. [26] notes that when the dust is opti-
cally thick, grains will be exposed to a range of intensities so will reach a range of tempera-
tures. They thus compute a luminosity-weighted temperature, such that the dust population



closer to the source is hotter. We ignore this effect because our opacities (calculated from
equations 2.15; 2.17) are relatively small; we have found that it causes a < 10% temperature
difference. However, such a correction may be more important in a different morphology or
very optically thick medium.

With the temperature in hand, we can next predict the far-IR continuum flux. To
compare to the largest set of observations, we focus on the far-IR dust continuum flux around
the [C 11] emission line — it is likely the strongest line so is the target of many campaigns, and
the dust continuum can be conveniently estimated elsewhere in the band. Hereafter, we use
Fisg as a short-hand for the dust far-IR continuum flux in this window. To calculate Fisg,
we adopt the “grey-body” treatment of [45], so

1+ 2
Fisg = v Maustk1s8 [Biss(Taust) — Biss(Toms)] - (2.23)

L

where the (14 z) factor results from the shift in the bandwidth, dy, is the luminosity distance,
and Bjsg is the Planck function at the dust temperature at the emitted frequency v. We
note again that some authors do not subtract the CMB contribution, so the last term may
not be necessary when comparing to observations.

3 Empirical Dust Attenuation Calibration

Our simple dust model has two free parameters, characterizing the dust’s spatial extent
(through fgr) and its mass (parameterized by fas). In this section, we will describe how we
can use existing UV observations to place a joint constraint on these parameters.

3.1 UV Attenuation Calibration

Ideally, one would estimate the UV dust attenuation via SED modelling, where the level of
extinction is obtained in combination with the stellar parameters. However, such modelling
is not yet available for large numbers of high-z galaxies, so instead, we follow a common
approximate method. This method assumes that the UV slopes 5 of these galaxies depend
on the dust properties (as dust reddens the spectrum). We use observed estimates of these
slopes together with an empirical relation from [16] that relates the UV slope to the level of
extinction.

First, we require the UV slopes of “typical” high-z galaxies as a function of magnitude
and redshift, which we obtain from two observed samples detailed later. For simplicity, we
assume that the average UV slope (3) is linear in the observed magnitude, with the slope
dB/dMyv and intercept By, varying linearly with redshift as well. Thus we have

d
(8 (M=) = 200 o) [ME o] + B (), (31)
uv

where M is a reference magnitude, and we assume that

d
() = %2+ Blaco, (32
dp d [ dj dg
dust (Z) = ( dust) z+ dust (33)
d My dz A MY AMEY; 2=0

~10 -



Table 2. The best-fit parameters of Sy, and #{[}3‘:,“ to [95] & [6] as linear functions of redshift,
displayed as purple curves in Figure 2. The first column represents the slope of the linear function,
and the second column represents the offset evaluated at z = 0.
slope offset (z = 0)
B, —0.081 +£0.016 —1.58£0.115

dB/dMEst  0.012+£0.006 —0.216 £ 0.040
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Figure 2. The redshift evolution of the UV slope fit parameters, S, (%) measured from

(o)
the [95] (blue squares) and [6] (orange circles) data sets. We excluded [95]’s measurement at z = 8
(open square) from the fit since the corresponding slope was fixed. We also show measurements from
[96] at (z) ~ 9 and 11 (green diamonds; the latter was also estimated without varying the slope).
These are not included in our fit. The purple curve exhibits the joint best fit to [95] and [6] with
parameters presented in Table. 2, whereas the dashed blue and orange curves are the best fit for the
individual datasets. We align all the data to have My = —19.5.

To estimate these parameters, we use galaxies from [95], who measured slopes from over
4000 HST sources in deep surveys at z = 4-8, and [6], who measured slopes over z = 6-12
with a large set of sources from the JWST Advanced Deep Extragalactic Survey (JADES).
We summarize the fit parameters in Table. 2 and plot the resulting relation in Figure 2. We
show the measurements at each redshift with the data points, and our best-fit linear relations
for the parameters via the solid line. The dashed lines show the individual fits to the different
datasets. Note that we have excluded the z = 8 data point from [95] for our fit, because its
properties were estimated after holding the slope fixed. The qualitative evolution of the UV
slopes is clear, although the precise form is only weakly constrained.

Figure 2 also includes measurements from [96], who find a steeper evolution in the zero-
point than [6]. This is likely due to the sparseness of the data at z 2 10. Given this, and the
potential for contamination in photometric surveys [97-99] and cosmic variance (8], we do
not include additional measurements. However, in Appendix A, we do compare our inferred
relation to other recent JWST measurements, finding reasonable consistency (albeit with a
large scatter amongst individual sources).
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Figure 3. The escape probability of UV photons at 1600 A in our model. The upper panel shows the
empirical probabilities calculated with the IRX-f relations from [16] (solid curves) and [21] (dashed
curves), respectively, whereas the lower panel shows the probabilities calculated from our models
assuming fq = 1 (equations 2.16; 2.18). The violet star symbol represents the brightest galaxy in our
JWST data compilation in Appendix A, 817482 from the COSMOS field, from [100] at z = 9.89. It
has Pesc & 0.72 according to the [16] relation at z = 10.

We must now transform these UV slopes into estimates of the dust extinction. To do
so, we use the IRX- relation from [16], which is an empirical relation (calibrated to local
starburst galaxies) that links the observed UV spectral slope  to its corresponding infrared
excess (IRX, defined as IRX = Lig/Lyy), which parameterizes the amount of dust emission
(ultimately due to absorbed starlight). This can therefore be converted to the total UV

int

emission in the absence of dust, M}, by [42]

. dg dp
int dust

where we take constant values Cy = 4.43,C; = 1.99 for absorption at 1600 A from [16].
We also require that M3t < M to prevent unphysical negative attenuation (which can
happen as a result of our simple UV slope parameterization). This becomes important for
faint galaxies with negligible dust production. We refer interested readers to the detailed
derivation of equation (3.4) in [42]’s section 3.2.1. Also, we note that we use luminosities
evaluated at 1500 A, while the [16] relation uses the absorption at 1600 A. We convert between
these with the power law Ly oc (A/Ag)?.

This procedure provides the intrinsic luminosity, and hence the probability that UV
photons escape the system to the observer (via equation 2.14). We show the results in
Figure 3. The attenuation increases towards lower redshifts and towards higher luminosities,
as one would naturally expect. Interestingly, for much of the Cosmic Dawn, the attenuation is
negligible except in very luminous galaxies: even at z ~ 5, Pog. =~ 1 for Myy 2> —18 !, which

'Hereafter, we use Myv to denote the dust-processed or observed magnitude M&¥* for conciseness unless
otherwise noted.
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corresponds to a halo mass ~ 10'' M. ? As shown in appendix A, most observed systems
at very high redshifts are near this limit, so the overall dust correction to the universal star
formation rate density is expected to be modest during and before reionization (see section
5.5). To provide some intuition, the star in Figure 3 corresponds to the brightest high-z
galaxy in the COSMOS field (see the Appendix), ID 817482, at z & 9.89 [100]. In this case,
the escape fraction of star formation is about 72% according to our model.

In the next subsection, we will compare these empirical results to our model. But before
proceeding, we must note some caveats in adopting this empirical dust law. First, it is not
clear that the IRX-f relation of [16] can be applied to higher redshifts. Observations at
z =~ 3 have found consistency with [16] for faint galaxies, although more massive galaxies
with more dust may present problems. At z ~ 5, [21] finds the Infrared excess (IRX) in many
galaxies to be smaller than that predicted by the [16] relation. One possible explanation is
that the dust and star-forming regions may be spatially segregated in the high-z regime so
that the dust is illuminated by only a fraction of the UV light [12, 26, 28]. As the IRX-3
relation assumes the UV and IR emitting regions to be co-spatial, extrapolation from low-z
may result in an overestimation of dust reddening. We return to a detailed discussion about
the current IRX-/ relations in section 5.2.

To test the importance of the particular IRX-S relation, we have also estimated the
escape probability using the empirical relations from [18-21]. In Figure 3 we also show the
photon escape fractions inferred from the IRX-/ relation measured by [21] from a (small)
sample of higher redshift galaxies (z ~ 5). The results are qualitatively similar to our fiducial
model, but they show a gentler dependence on halo mass (or luminosity). Given that these
faint galaxies are only now beginning to be observed by JWST, we stick with the widely-used
[16] relation for consistency with past work. However, for global properties where the faint
galaxies play a significant role (e.g. SFRD; section. 5.5), we will also show an estimate from
[21]’s IRX-(3 relation.

3.2 Inferred Dust Properties

With the empirically-derived dust attenuation in hand, we can now begin to calibrate the free
parameters in our model. We will focus on the shell and mixture morphologies for now, which
have parameters for the dust spatial extent (fr, defined relative to the disk scale length) and
dust mass (far, defined relative to the total amount of dust expected to be created). However,
because the escape fraction only depends on the dust optical depth in these simple models,
we can only constrain their combination

fa= 7%, (3.5)

with the UV properties.

The lower panel of Figure 3 shows the predicted UV escape fractions in our shell and
mixture models assuming fy; = 1. It is immediately obvious that the models predict far more
absorption than is observed, with the model optical depths one or two orders of magnitude
larger than the empirical results. This implies that either the dust is more spread out (so that
each line of sight has a smaller optical depth) or that the galaxies have less dust than naively
expected (or both). This appears to be a generic conclusion of galaxy formation models at

2This result motivates our temperature treatment in section 2.4, where we assume a single mean dust
temperature in the optically thin regime.
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Figure 4. Contours showing the loci of possible solutions (fas, fr) that gives the empirically-derived
fa across the modelled galaxy populations by our UV calibration at various redshifts. The solid curves
are computed for a halo mass 109 M, and the dash-dotted curves take 10* M. All spaces above each
contour are also possible solutions for galaxies that require a smaller fy.

these redshifts (e.g., [11, 25, 29, 88]). Note that our model also predicts an opposite redshift-
evolution trend compared to that of the observations, with the optical depth increasing with
redshift in the models. This is because star formation (at a fixed halo mass) is slightly more
efficient at high redshifts and (more importantly) because galaxies are more compact.
Figure 4 shows the loci of f; values that bring our model in agreement with the UV
observations at a variety of redshifts (assuming that the IRX-/ relation from [16] is accurate).
As shown, the required f; value decreases towards higher redshifts and lower halo masses as
dust extinction decreases. Because the mass and radius scaling parameters are degenerate,
a range of solutions is possible at any given redshift. To isolate their values, we require
additional observations of the dust emission, which we will explore in the next section.

4 Constraining the Model with Dust Emission

With its ability to detect the rest-frame far-IR dust continuum of high-z galaxies, the Ata-
cama Large Millimetre Array (ALMA) has become our heaviest artillery for understanding
dust in early cosmic times. Specifically, ALMA surveys targeting the [C 11] line can measure
(or constrain) the nearby dust continuum. In this section, we will use the IR emission to
break the degeneracy between the dust parameters.

4.1 The ALMA Comparison Sample

We focus on two ALMA surveys: the ALMA Large Program to INvestigate [C 11] at Early
times [ALPINE, 30] carried out in Cycle-5 and Cycle-6, and the Reionization-Era Bright
Emission Line Survey [REBELS, 34] carried out in Cycle-7. With the shared objective of
providing large statistical samples of far-IR continuum observations of UV-selected bright
galaxies, ALPINE observed the [C 11] continuum emission of 23 galaxies in the redshift range
4.4 < z < 5.9, while REBELS observed 14 galaxies with a mean redshift around (z) ~ 7.
Complementary studies from both surveys supplement UV and optical properties of the
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observed galaxy populations, presented by [31] for ALPINE and [34] and [26] for REBELS,
respectively.

Although the analyses of these surveys present many properties of the observed galaxies,
we must be careful comparing them to our model. For example, the star formation rate of
these galaxies inferred from their UV luminosity depends on assumptions about the IMF,
metallicity, etc., while the reported stellar masses depend on the details of the SED modelling.
We will generally report our results as a function of the SFR, because it is more easily
related to observables. In order to ensure a meaningful comparison, we adopt the conversion
in equation (2.8), applied to the reported luminosities. For ALPINE, we convert the UV
magnitudes at 1500 A from [31] to the SFR. For REBELS, we convert [26]’s total SFR to
the observed-UV SFR using their derived transmissivity factor 71590, while also replacing the
SFR-Lyy conversion factor in their equation (1) with our choice for Kyy.

One additional complexity is that stellar mass inferences depend on assumptions about
the stellar populations and on the photometric library used for the measurement. The as-
sumptions of these codes typically do not match the results of high-z galaxy models (e.g.,
[9]). The SED-fitting process is complex enough that we cannot easily translate between the
inferences and models, so we will not attempt to do so here. Instead, we will mostly focus
on comparisons as a function of SFR, which are at least transparent to convert. When we
report stellar masses, we will simply use the results of the ALPINE and REBELS groups
without modification.

However, we note that our minimalist model assumes a one-to-one correspondence be-
tween halo mass, stellar mass, and SFR. Real galaxies are of course variable, both because
of the differing halo environments and because of temporal variations in individual systems.
Because the stellar mass is a cumulative measure, it is relatively stable when averaging over
this variability — while the SFR against which we will compare is much more sensitive to
it. There are indications that galaxies at z 2 8 are extremely bursty [8, 9, 101], so we will
return to this issue in section 5.3. For now, we note that we should not take the comparison
too seriously for any individual system.

Figure 5 provides a rough comparison between the model and observed samples in terms
of their “star-forming main sequence” relating SFR and stellar mass. The model results are
shown by the solid curves, while the individual galaxies in the surveys are shown by the circles
with error bars. Visually, the ALPINE data are more or less consistent with the model, but
the REBELS points lay significantly above the models. This is confirmed by the dashed
curves: these are fit to the data points, assuming that they follow the same power-law trend
as the model but varying the normalization. The REBELS fit is driven higher by the three
leftmost points, which have large UV luminosities (and hence SFRs) but small inferred stellar
masses. These could be vigorous starbursts in small galaxies, or they could have “hidden”
mass components from old stellar populations. (We note that the SED-based stellar masses
did not have JWST data available, so are mostly insensitive to such old stars.)

However, the individual survey detections are biased, as they only include galaxies with
bright enough dust emission to be detected. Both surveys also have significant numbers
of undetected sources. The population properties must, therefore, be constrained through
stacking analyses that include these fainter sources. The dark stars in Figure 5 show the
results of such analyses for both surveys [21, 28]. Again, ALPINE is reasonably consistent
with our model, albeit over a limited range in stellar masses, but we see that now REBELS is
also in reasonable agreement. We also note that both surveys find a much flatter relationship
between M, and SFR than our model provides; whether this is a selection effect is unclear,

~15 —



Muyvy
—18 =19 —20 —21 —22 —-23

z=5 ALPINE
— =T %  Fudamoto+20
REBELS Algera+23
102,
=) /] \
\@ [ |j
Y ‘
= S Al
> L
) |
= 101 |
wn
ALP Fit
100) REB Fit
8 9 10 11

log (M, /Mg)

Figure 5. The star-forming main sequence at z = 5 and 7 as seen in our models (solid curves) and
the ALMA surveys. The orange points are from the REBELS survey [26] at z & 7, corrected to our
assumptions about the stellar populations. The green points are from the ALPINE survey [31] at
z &~ 4.5-5.5. The dashed curves show fits to these data sets if we constrain the slope to follow that
expected in the model. The darker star symbols show results from stacking analyses that include
sources undetected by these surveys [21, 28]. We also show the conversion between stellar mass and
UV magnitude in our model along the top axis.

given the limited dynamic range in stellar mass.

4.2 Implications for the Dust Properties

We are now able to leverage the ALMA dust emission measurements to further constrain
our models. In section 3, we used the UV attenuation inferred from the IRX-S relation to
estimate the overall optical depth, and from that, we placed a joint constraint on the mass
and radius scaling factors. The dust emission also depends on the dust mass, so adding it
can break the degeneracy between mass and radius.

Figure 6 shows our main results. The left panel shows the inferred value of fy, for
each galaxy (which is independent of the assumed dust morphology in the context of our
simple model), while the right panels show the inferred values of fg for the shell and mixed
dust morphologies. Interestingly, we find that relatively high dust masses — with fy; ~ 1 —
are required to produce the overall dust luminosity. This implies that the systems are able
to retain most of the dust they produce. However, we have already seen that the optical
depth is much lower than expected in this case, so we would also need fr ~ 10 for each
model. The physical dust radius would then be ~ fRrARyi; ~ 0.3Ryi;. Thus, the dust would
mostly be mixed through the circumgalactic media of these halos, assuming the spherically
symmetrical geometries hold. This requires the dust to survive after being ejected from its
formation regions, which may be challenging (though dusty clouds in outflows have been
observed; [102-105]).
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Figure 6. Dust scaling factors in our model, inferred through the combination of UV attenuation and
dust emission. The green points correspond to ALPINE galaxies (using the dust continua reported by
[30], while the orange points are from the REBELS survey [26]. The dashed curves show power-law
fits to each survey’s results, while the solid curve shows a power-law fit to their combination. Left:
The mass scaling parameter fy;. Right: The radius scaling parameters in the shell (top) and mixture
(bottom) morphologies. In each of these panels, we also show the resolution of the individual REBELS
detections as the solid red curve (= 6.3kpc) and the estimated sizes from stacking sources from both
surveys with stars [27].

We also see some potential trends in the data. The REBELS points tend to have
slightly smaller fj; and larger fr than the ALPINE points, but the differences are small and
within the scatter of the points at each redshift. For a simple estimate, we therefore take a
redshift-independent average fit.

The trends with SFR are more obvious. In contrast to intuition from feedback-based
models, fys appears to decrease as the star formation rate increases (as previously found
by [25, 29]). If we follow the minimalist galaxy formation model and assume that the SFR
increases monotonically with halo mass, this means that small halos would be more likely
to retain their metals than massive halos — contrary to the expectations of galaxy evolution
models based on feedback. One possibility is enhanced dust destruction in massive systems,
possibly due to the increasing amount of SNe shocks [85]. On the other hand, fr also
decreases with SFR — so that the dust that remains is closer to the galaxy’s central regions
in more massive systems.

We must be cautious in interpreting these trends however, as we would expect similar
qualitative results from burstiness: galaxies that have undergone recent starburst episodes
that have now faded (so lay at small SFRs) may have residual dust from their previous event
(so appear to have a large fyr). Going forward, we therefore consider two cases: one in
which we take a single average value for each parameter (mass- and redshift-independent)
and one in which we assume a power-law dependence on SFR. Fits for the latter are shown in
Figure 6. The redshift-independent fit (where we vary both the normalization and power-law
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Figure 7. Comparison of model and observed dust continuum fluxes for the ALPINE and REBELS
galaxies. The solid curves show the model fluxes using the power law fit of equation 4.1, while the
dashed curves take fy; = 1. The green points are observed by ALPINE with 4.4 < 2z < 5.9, while the
blue points are observed by REBELS with (z) =~ 7.

slope) is given by

. —1.17
. my
fa(my) =424 (M@/yr> ) (4.1)
If we instead assume a constant value, we find the median fj; value across the galaxy sample
to be ~ 0.75.

These simple dust geometries evidently require that the dust be an order of magnitude
more spread out than one might naively expect. However, further studies from ALPINE and
REBELS collaborations indicate that the dust radii are only 2—3 times larger than that of the
UV radii [27, 92]. [12] found that the REBELS galaxies typically have dust radii below the
ALMA resolution, which was approximately Rpyax ~ 6.3kpc for their survey (shown by the
red curve in the right panels of Figure 7). The radii required by our models are dangerously
close to this limit, with some even above it. Moreover, [27] have measured the extent of
the dust emission in these sources with a stacking analysis, shown by the stars in Figure 6.
Stacking UV and dust emission is quite challenging, as it requires the sources to be spatially
aligned, whereas the dust is often offset (by an unpredictable amount) relative to the UV
emission in any given source [12, 26]. Nevertheless, the observed dust radii are several times
smaller than expected in our model. This motivates a more complicated geometry that we
consider in the next section.

Before turning to that, however, we first examine a couple of other aspects of the model
framework. Figure 7 compares the resulting model fluxes (solid lines) to the observations
(points with error bars). Because we have taken a redshift-independent fit, the model un-
derestimates the ALPINE sources and overestimates those of REBELS sources by a modest
amount. This also illustrates another potential limitation of the surveys: because they are
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Figure 8. Dust temperatures (neglecting the CMB) in our model. The solid curves show the ALMA-
calibrated temperature with the fj; fit provided by equation 4.1, while the dotted curves show the
temperatures assuming fn; = 1.

limited by the survey depths, they cannot determine how wide the distribution of dust lumi-
nosities is for a given SFR. The dotted lines show our model with fj; = 1, which decreases
at small SFR — unfortunately, the surveys would not be sensitive to such a decline.

As described above, our model also estimates the dust temperature. This has not
been directly measured for these sources, because they have only been observed over a very
narrow range of wavelengths, but we show the model results in Figure 8; here we take
Tevp = 0 K in equation (2.20), as often done when interpreting observations. The true
dust temperatures are somewhat smaller, because the CMB contributes to the emission as
well. The solid curves show our model with SFR-dependent fits, while the dotted curves
are with constant parameters. Since fp; decreases towards large SFR, the calibrated dust
temperature is higher than the original on the luminous end and lower on the faint end.
However, for the dominant luminosity range in the ALMA surveys (—21 < Myy < —19, or
equivalently SFRyy < 40 Mg /yr), the calibration does not cause a significant difference in
dust temperature.

4.3 Gaps in the Dust Distribution?

In the previous subsection, we found that our model required quite extended dust distribu-
tions in order to account simultaneously for the large dust luminosity and modest extinction.
This occurs in both the limiting cases of dust mixed uniformly with the stars and dust ex-
pelled to a shell outside of the central galaxy, but it is in tension with observations [12, 27] of
the radius of the dust emitting region. One potential resolution is to drop the assumption of
spherical symmetry in both our shell and mixture morphologies: we now turn to the partially
covered shell model, in which dust appears only along a fraction f.oy of the lines of sight.
Such a model does seem reasonable in light of other observations. [12] also found a
spatial offset between the UV and IR emission peaks in the REBELS survey, suggesting
along with [28]’s stacking analysis that the UV and IR emitting regions may not be co-
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Figure 9. The covering fraction f.o, as a function of UV magnitude at various redshifts in our
partially covered shell model. The curves are calculated from a scenario with the median fj; value of
0.75 from the previous fit and a fiducial scaling fr = 3, motivated by [27]’s stacking analysis.

spatial. [106] concludes the same as a part of their specific SFR analysis joining UV and
dust emission. In our “partial shell” model, this could be interpreted as a shell with a small
covering factor and large radius, so that the dust region is confined to a small area displaced
from the stars. More generally, this could occur if dust coincides with only a fraction of the
star-forming regions.

However, a morphology with “holes” introduces a new free parameter into the system,
which is hard to constrain given the existing observations. We therefore take a simplified
model in which: (i) we take the median fy; value of 0.75 from all available fj; values from
both surveys (all data points in the left panel Figure 6) and (i) we set fr = 3 to match
the stacked measurements of [27]. We then fix the covering fraction by equating the left side
of equation (2.19) to the empirically-determined UV escape probability. We assume that
all these parameters are mass-independent. Note that the covering fraction does not affect
the dust emission, because we hold its mass fixed (see equation 2.17), implicitly assuming
that the dust remains in the system but is confined to a smaller region. Our results are not
terribly sensitive to these choices, so long as we use values close to those suggested by the
previous section.

We show the resulting covering fractions in Figure 9. The small dust attenuation in
faint galaxies implies that they are nearly clear of dust, but the covering fraction becomes
large in luminous systems. More luminous galaxies have 0.2 < feoy < 0.7, implying that the
dust is more uniformly distributed in such systems. It seems reasonable that their longer star
formation histories and larger SFRs mean less stochastic feedback and more time for metal
mixing. Conversely, dust in smaller galaxies could be heavily impacted by bursty feedback,
resulting in “holes” in the feedback-affected region and dust clumps in the unaffected region.
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5 Discussion
Here we examine some other aspects of the dust model and its consequences.

5.1 Comparison to Past Work

Other groups have also considered the dust content of high-z galaxies. Here we compare to
a few particularly relevant studies. [25] used their DELPHI semi-analytic model to estimate
dust properties. They calibrated their star formation parameters to the observed UVLF and
stellar mass function (using HST surveys). They then have physically motivated prescriptions
for dust production, destruction, and escape via feedback, following its abundance in each
system over time; while their dust production parameters are comparable to ours, we do not
explicitly model destruction or escape. Figure 1 compares our dust mass estimates to theirs
(dash-dotted line). By comparing to ours, we find that their model corresponds to an effective
far ~ 0.3. They compare to REBELS sources and find that their model underpredicts the
dust mass inferred from infrared emission measurements, which we also find for the dominant
low-mass galaxy population. Similarly, [29] find that their own semi-analytic dust model
underpredicts the emission, arguing that the tension could be alleviated by a top-heavy IMF
(amongst other possibilities).

[26] and [107] have also estimated dust masses and temperatures from the REBELS
sample. [26] uses more sophisticated dust distributions and radiative transfer models, in-
cluding a disk geometry and allowing for the dust to be at a range of temperatures. They use
the 3 slope and stellar population synthesis to break the degeneracy between dust mass and
radius. Interestingly, their dust radii derived from F}sg are consistently lower than ours but
their dust masses are consistent with ours. Thus, like our model and those of [25, 29], they
also find a high IR-to-UV ratio, concluding that this could possibly suggest a non-uniform
dust morphology. To compare their results to our temperatures, we convert their luminosity-
weighted temperature (7)) in Table 2 back to the mean temperature without the CMB effect
(T;) described by their equation (15). (We remind the reader that our model finds that most
high-z galaxies are in the optically thin regime, so this has only a modest effect.) After this
conversion, [26] finds temperatures of 30-60 K in the observed sources. Meanwhile, [107] find
40-58 K. Even with rather different models, the predicted temperatures all roughly agree;
this is not too surprising given that the dust luminosity is so sensitive to temperature.

[108] used an even simpler approach than ours to estimating dust continuum fluxes,
using a fixed star formation efficiency, assuming that all halo gas is retained, and imposing
a fixed metallicity and dust-to-metal ratio. They take a much more sophisticated model for
the dust properties, however, and then predict the far IR luminosities of very high-z sources.
Their fiducial model is comparable to ours, though they show that the dust emission can
vary significantly depending on their assumptions about its microscopic properties.

5.2 The IRX-3 Relation

A key part of our framework is the empirical calibration of the UV attenuation. However,
this quantity is not measured directly in the existing samples but is inferred from the UV
spectral indices, based on a calibration to a sample at much lower redshifts. As noted in
section 3, recent work shows that this calibration may break down at high redshifts [21]. To
further examine the effects of particular IRX-g relations on our model, we show in Figure 10
how different IRX-5 calibrations affect the UV photon escape probabilities. The solid lines
show our fiducial model (from local starburst galaxies; [16]), the dashed and dotted lines
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Figure 10. The effect of the assumed IRX-/ relation on the UV photon escape probability at z =5
and 10. The solid curves are calculated from [16] derived from local starburst galaxies. The dotted
curves use an SMC-like extinction curve calibrated to galaxies at z ~ 2-3 [20]. The dashed curves
use a “grey attenuation” curve calibrated to galaxies at z ~ 2-3 [19]. The dash-dotted curves are
estimated from [21] using the ALPINE survey at z ~ 5.

show estimates from galaxies at z ~ 2 — 3 [19, 20] that adopt two types of extinction curves
(the “grey” curve and the “SMC-like” curve, respectively), and the dash-dotted curves show
an estimate from ALPINE galaxies at z ~ 5 [21].

Interestingly, our fiducial model finds the steepest dependence of attenuation on galaxy
luminosity: all the models calibrated to higher redshift galaxies have gentler slopes, with
the flattest resulting from calibration to ALPINE galaxies [21]. The estimates at z ~ 2-3
are in between these limits. The gentler slopes mean that small galaxies still have a modest
amount of dust, though it is still a very small effect on the overall UV luminosity. We re-run
the fr analysis using [21] and show the results in Figure 11. Note that the fj; results are
independent of the IRX-f choice (because they are derived from the IR emission), so we only
show the change in fg. It is obvious that a gentler IRX-3 slope increases fr compared to
our fiducial model, increasing the tension with the dust radii inferred from stacking [27].

We note as well that the recent study of [96] found a steep evolution of the UV slope
at z 2 9 (Figure 2). Along the same lines, [20] has suggested the intrinsic UV slope could
become bluer towards higher redshift. If so, this would compromise the extrapolation of any
of these results to very high redshifts during the reionization era. A full understanding of
the dust will therefore hinge on a better understanding of the intrinsic UV slopes of these
stellar populations.

5.3 Dust and Bursty Galaxies

Another limitation of our model is the assumption of a one-to-one correspondence between
halo mass and star formation rate. In reality, starbursts appear to be a crucial part of high-z
galaxy evolution [8, 9]. The ultimate cause of this burstiness is not clear, but one possibility
is that the short dynamical times of high-z galaxies allow star formation to “overshoot” the
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Figure 11. Estimated radius scaling parameters if we use [21] to infer the level of UV attenuation
(c.f. the right panels of Fig. 6, which used the relation from [16], shown here by the dash-dotted
curves).

expectations from feedback regulation [86, 91, 109]. The excess feedback energy from the
runaway star formation can then shut down that process for a period by driving gas (and
presumably dust) outside of the host halo, until the cycle begins anew. This process can
occur in small galaxies [86] and large ones [109].

As a result, the mapping between star formation and stellar mass can have large fluc-
tuations, which we have thus far ignored. In this section, we will estimate the effects of such
scatter in a simple phenomenological way. We assume that the total dust mass is unaffected
by burstiness, because it depends on the stellar mass in our model (which is integrated over
all past episodes of star formation so is not as strongly affected by the current SFR). How-
ever, the instantaneous luminosity — and hence the energy input into the dust phase — does
depend on the current SFR.

For a toy model, we assume that the intrinsic luminosity of galaxies varies by a fixed
amount of £1 or 2 magnitudes. The former is comparable to the scatter expected in
supernova-delay induced burstiness [86], while the latter is close to the required level to
explain the bright end of the luminosity function at high redshifts [8, 9]. We then use this
luminosity in equation (2.20) to compute the dust temperature, from which the dust emission
follows. (Note that here we assume that the fraction of absorbed starlight does not change
from the fiducial calculation; see below.)

Figure 12 shows the resulting spread in the observed flux for several redshifts. We find
that a moderate amount of burstiness can easily explain the observed scatter in the REBELS
sample. The ALPINE galaxies show a wider range, however. We note that scatter of £1 mag
causes a scatter in the dust temperatures of +5 K as well.

Here we have assumed for simplicity that the dust spatial distribution is unaffected by
burstiness. If the dust distribution is primarily a function of the total stellar mass, then
our UV-calibration procedure would imply that the escape fraction of UV photons also has
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Figure 12. The burstiness-induced scatter in [C II] continuum flux at various redshifts as a function of
SFRyvy. The solid curves are the average continuum flux. The shaded region highlights the scattering
induced in these quantities at a given redshift with (1, 2) magnitudes. The darker shades are the
1 magnitude scatters, and shallower shades are the 2 magnitude scatters. The green circles are the
ALPINE results from [30]. The blue circles are the REBELS results from [26].

scatter at each UV luminosity. Also, we note that it may actually help explain gaps in the
dust morphology, as we appear to require (see also [12, 27]). The increased radiation pressure
during a starburst can drive dust away from the stars, segregating it from the UV emission,
especially in small systems [11, 110].

5.4 Dust and the UVLF

One of the key surprises of JWST’s early surveys is the unexpected abundance of luminous
systems at z 2 10. While burstiness provides one potential explanation, dust may contribute
as well [10, 11]. The key idea is that the abundance of UV-luminous systems at z ~ 7 is
suppressed by their relatively large amounts of dust, but that at higher redshifts the amount of
dust decreases, partly because it may be ejected by strong feedback [11]. Thus if we normalize
our model parameters to match the low-z data, the galaxy abundance will decrease less than
expected at higher redshifts because the decreasing dust obscuration partially counteracts
the decrease in the halo mass function.

We now consider this explanation in the context of our model. Figure 13 shows two sets
of luminosity functions: one in which we ignore dust entirely (and is thus equivalent to the
minimalist model of [54] as the “observed” LFs; dotted curves) and one in which we include
our dust model with the IRX-f relation from [16]. Here we have obtained the intrinsic LF
at z ~ 7 by correcting to the total SFR using the [16] relation. The solid curves show this
intrinsic LF from z = 7-10; note that this is not the observable UVLF, because it includes
star formation hidden by dust. The dashed curves then show the expected LF after dust
attenuation is included.
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Figure 13. The effect of dust on the high-z UVLF. The dotted curves show the UVLF computed
from [54], which ignores dust. The solid curves show the intrinsic UVLF without dust-processing,
assuming the IRX-g relation from [16]. The dashed curves are LFs recovered from the intrinsic by
applying the [16] IRX-0 relation. Note that the effects of dust obscuration are quite modest by z ~ 10.

We see that, as expected, dust attenuation is significant at the bright end at z ~ 7, but
by z ~ 10 it has a much smaller impact. This conclusion matches the current consensus that
early galaxies at z ~ 8 — 10 are not expected to contain abundant amounts of dust [8, 10, 11].
Importantly, the dashed and dotted curves are near each other at all redshifts — that is,
the overall redshift evolution is comparable when we ignore and include dust. We do not
find that it can account entirely for the overabundance of bright galaxies at high redshifts,
although it does help to some extent. This emphasizes how dust evolution can complement
other explanations for the excess of sources, and it may even be physically associated with
burstiness (as described in the previous subsection).

5.5 The Fraction of Total Obscured SFR

So far, we have focused on dust in individual galaxies. We now shift to the cumulative effect
of dust across the entire galaxy population by considering the star formation rate density
(SFRD), which is given by

Prot(2) = /de*7tot(m, z)n(m, z). (5.1)

where the integration variable m is the halo mass and n is the halo comoving number density
in the mass range (m, m + dm) at redshift z. We calculate both the total SFRD and the
obscured SFRD pgps, so that the obscured fraction is fopse = pobsc/Ptot- We calculate this
quantity for the entire halo population that is able to form stars. We suppose that the lowest
mass limit for a halo to form stars is given by its virial temperature Tyi, = 10*K. (We take
the virial temperature formulation from [111]’s equation (26), which roughly gives a halo
mass limit of 108M.) We also calculate the SFRD for a subset of massive halos (with a
minimum at 10'* Mg). The latter corresponds roughly to Myy < —19, so it better reflects

the fraction that is directly observable.
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Figure 14. Effect of dust obscuration on the global SFRD as a function of redshift. In the upper
panel, the orange curves show the SFRD including all halos able to form stars (roughly 10% —10'3 M,
in our model), while blue curves only include massive halos (10'* — 103 M, which corresponds to
Muyv < —19 at z &~ 5 so are more easily observable). The solid curves are the intrinsic SFRD, the
dash-dotted curves are the dust-obscured SFRD from [16], and the dotted curves are the obscured
SFRD computed from [21]’s IRX-S relation for all halo masses. The circle symbol denotes estimated
SFRD from the REBELS sample [28]. In the lower panel, we show fopse directly. The orange curve
and the blue curve are the fopsc calculated from all halos and massive halos, respectively. The dotted
orange curve is also fopsc calculated from all halos, but from [21]’s IRX-( relation. The purple symbols
are [28]’s stacking analysis of the obscured fraction in observed galaxies, with the downward triangle
representing their higher stellar mass stack and the upward symbol representing their lower stellar
mass stack. The green squares are the ALPINE stacking analysis from [23].

Figure 14 shows the results, with the SFRD in the top panel and the obscured fraction
in the bottom panel. We see that at the low end of the redshift range a substantial fraction
of the star formation is hidden by dust, especially in the massive galaxies. But our model
predicts that by z ~ 10 obscuration is a modest effect overall. In general, obscuration is
minimal in faint galaxies across this redshift interval, so if they dominate the photon budget
for, e.g., reionization [112], dust plays only a relatively minor role. We note that this remains
true even using the IRX-/ relation from [21], which has a gentler dependence of the dust mass
on luminosity. Even though the faint galaxies have more dust according to their prescription,
it is not enough to increase the overall SFRD significantly.

We also compare our results to estimates based on observed sources from [23] and [28].
They are quite consistent with our model, at least for massive galaxies, but we emphasize
that the (dominant) low-mass galaxies can differ substantially, especially at high redshifts.
We also note that all of these results (including our own) are based on UV-selected sources.
[113] has suggested that the presence of UV-faint but massive galaxies, undetected by HST,
may contribute significantly to the obscured cosmic SFRD at z 2> 4, resulting in an un-
derestimation of that quantity. Spectroscopic surveys across diverse galaxy populations will
ultimately be needed to better constrain the obscured contribution.
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6 Conclusions

We have presented a semi-analytic model of dust in high-z galaxies, aiming to constrain its
parameters by simultaneously matching the observed UV and IR properties of galaxies during
reionization. Our dust model pairs a simple galaxy evolution model [54] with a streamlined
treatment of the dust distribution [46, 88] to generate self-consistent predictions for the UV
attenuation and far-IR continuum emission. The key input parameters are the dust mass and
radial distribution. We constrain these quantities with the UV attenuation inferred from the
IRX-f relation [16] and from ALMA measurements of the far-IR continuum flux. We find:

(i) The dust attenuation increases with galaxy mass and decreases with redshift, as
expected [22, 26]. In our model, very few galaxies have significant attenuation beyond z ~ 10.
The observed galaxies at z < 10, which are of course relatively bright, suffer from non-
negligible attenuation. Nevertheless, our model predicts that these modest extinctions are
far less than one expects from normal dust production models, if the dust and stars are
confined to rotation-supported disks.

(i) By simultaneously calibrating to the UV attenuation and IR emission, our model
requires that the total dust mass be close to the amount produced by normal stellar popu-
lations but that the dust be significantly more extended than a rotationally-supported disk.
This conclusion holds regardless of whether we assume the dust to be distributed in a shell
surrounding the galaxy or mixed throughout the stellar population. Interestingly, we find
that dust may be better retained (albeit with a larger relative extent) in the smallest galax-
ies, as previously suggested by [25, 29, 106] but in contrast to expectations from standard
feedback models.

(iii) However, the inferred radii of the dust distribution are larger than those measured
by [27] by a factor of a few. One way to reconcile these results — while maintaining the
relatively large dust luminosities — is if the dust has a more complicated distribution, with
the dust and young stars segregated from each other. In that case, if the dust is distributed
on the spatial scale suggested by [27], we find typical dust covering fractions feo, ~ 0.2-0.7
for massive galaxies (similar to many ALMA-derived models; e.g. [23, 25, 26, 28]), while
faint galaxies have f.oy & 0. This could result from feedback ejecting the dust locally from
star-forming regions but not from the halo.

Even in our anisotropic model, the dust is still a few times more spread out than the
UV emission (though it is comparable to the extent of the CII emission; [92]). In the context
of our model, this occurs because feedback drives dust out of its formation region. This
presents a challenge, as hot winds should evaporate dust. Nevertheless, dust can be found
in some winds [102-105], which as recently been examined from a theoretical perspective by
[114]. It will be important to understand these mechanisms as we learn more about dust in
high-z galaxies.

Our results have implications not only for dust evolution but potentially for other aspects
of early galaxy formation. For example, reionization requires a substantial fraction of ionizing
photons to escape from early galaxies. If indeed feedback has cleared out channels in the dust
distribution, it may also have cleared out neutral gas — allowing these ionizing photons to
escape more easily. Additionally, the large dust luminosities suggest that most of the dust is
retained in the galaxy’s halo, which means feedback may not be effective at expelling metals
to large distances (c.f. [115]).

However, there are several caveats to our model. Most importantly, our galaxy formation
model associates halos to star formation histories (and dust properties) on a one-to-one basis,
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Figure 15. The -Myvy relation at redshifts 6.5 < z < 12.5 separated into six redshift bins and
compared to measurements from the literature (blue points; see text for a full list of sources). The
purple curve represents the best fit relation to the [95] and [6] measurements (as used in the main
text), while the light blue curves show the best fit to data displayed here in each redshift interval.

such that the SFR is a monotonically increasing function of halo mass. Real halos have a
substantial scatter in their SFRs, which makes a comparison with observations challenging.
Using a simple treatment of burstiness, we found that it can explain the scatter in the
observations, but it is not clear if it is responsible for the apparent decrease in the retention
fraction of dust as a function of SFR. Additionally, we have assumed that the IRX—j relation
from low-z galaxies [16] applies to high-z sources. We have checked that our qualitative
conclusions hold when other relations, based on higher-redshift sources [19-21], are used,
but the quantitative results are sensitive to this relation. Finally, while our results are
suggestive of a complex dust morphology, we do not attempt to model it or explore the
physical mechanism behind it. Future observations will no doubt shed light on all of these
issues.

A The UV Slope-Luminosity Relation in Early JWST Surveys

In the main text, we based our UV slope fit on two large homogeneous samples [6, 95],
but other measurements are available in the literature. To check for any obvious biases,
here we compare our fits to other samples, which we have assembled from ERO and ERS
NIRCam imaging and ground-based near-infrared imaging of the COSMOS field [100, 116],
with additional pointings in the Hubble ultra deep field (HUDF) field and GOODS-South
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field [117], the UNCOVER survey [1], the JEMS survey [3], the NGDEEP field [2], and the
CEERS survey [4, 7]. Figure 15 shows that our fit is largely consistent with these other
measurements, although the scatter is large, even at redshifts beyond the z ~ 10 limit used
in this work.
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